The aim of this study is to establish an effective technique for the economic net-shape forming of in-situ synthesized titanium matrix composites (TMCs) using a casting route. In-situ synthesis and investment casting of TMCs were carried out in a horizontal centrifugal vacuum induction melting furnace. The synthesized (TiC+TiB) TMCs were examined using scanning electron microscopy, electron probe microanalyzer and X-ray diffraction, and through thermodynamic calculations. No melts-mold reaction was observed between the synthesized composites and a SKK mold, since the SKK mold comprised both interstitial and substitutional melts-mold reaction products. The results of the in-situ synthesis and the investment casting of TMCs show that our casting route can be an effective approach for the economic net-shape forming of TMCs.
Introduction
Titanium matrix composites (TMCs) are of great importance these days especially in their applications for aerospace and automotive industries. A large number of researchers have been endeavoring to attain effective techniques for the economic net-shape forming of TMCs through the combination of their advantages such as high temperature strength, excellent damage tolerance and creep and wear resistance. [1] [2] [3] Until recently, several techniques based on in-situ synthesis mechanism have been reported such as cold and hot isostatic pressing, XD TM and self-propagation high temperature synthesis routes. [4] [5] [6] However, the widespread use of TMCs produced by powder metallurgy processes has been limited, mainly due to their drawbacks concerning the soundness, size and design of the products. In addition, the extreme reactivity and high melting temperature of TMCs melts have restricted their economic net-shape forming such as investment casting and permanent mold casting. In the early stage, the development of TMCs was achieved chiefly in national defense system technologies, thus their cost of production did not matter, but their performance was a major concern. However, their production cost is now of great significance when they are to be produced for a broader range of applications. Accordingly, a great amount of effort should be paid in order to establish their economic synthesis and net-shape forming technologies. With regard to cost efficiencies, investment casting of in-situ synthesized TMCs can be proposed as one of the most economic net-shape forming technologies since it permits the soundness of synthesis, construction of prototypes, freedom of size and high reliability. On the other hand, the investment casting of TMCs has one drawback, called 'alpha-case', which makes it difficult to machine them and can lead to crack initiation and propagation. 7) In our study, thus, as a plausible approach for the economic net-shape forming of TMCs, in-situ synthesis and investment casting were carried out in a horizontal centrifugal vacuum induction melting (VIM) furnace. Optical microscopy (OM), scanning electron microscopy (SEM), an electron probe micro-analyzer (EPMA) and X-ray diffraction (XRD) were used to examine the phases, morphologies and melts-mold reactions of TMCS.
Experimental Procedure
For the evaluation of melts-mold reaction and fluidity of TMCs, turbocharger rotor wax patterns were selected since they have both the curvature and thin wall parts. In consideration of interstitial and substitutional alpha-case formation mechanism, an SKK mold was designed for the investment casting of TMCs. 8, 9) The slurry conditions of SKK powder and binder for shell dipping are shown in Table 1 . SKK molds were dried at room temperature (298 K AE 1 K) and a relative humidity (40% AE 1%) for 4 h. Dipping, stuccoing and drying procedures were repeated three times. After the primary layer coating, the patterns were coated with back-up layers of chamotte. To prevent shell cracks, the dewaxing of the molds was carried out at 423 K and 0.5 MPa in a steam autoclave. Finally, the molds were cured at 1223 K for 2 h.
Titanium and 1.88 mass% B 4 C were prepared for the synthesis of 10 vol% TiC and TiB hybrid TMCs. In-situ synthesis and investment casting of TMCs were carried out in a horizontal centrifugal VIM furnace with a high purity graphite crucible as shown in Fig. 1 . 10 G of centrifugal force was applied in order to overcome the low fluidity of TMCs. After the investment casting, TMCs were taken off the molds, sectioned, polished and etched using Keller solution. The microstructures in the reaction region of the castings were observed under an optical microscope. The morphologies and 
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distribution of the in-situ synthesized reinforcements were observed by EPMA, and the phases were identified by XRD. Figure 2 shows the SEM image of the synthesized TMCs from titanium and B 4 C by induction melting and casting. The spherical and needle-like reinforcements were distributed uniformly in the titanium matrix. In addition, no interfacial reaction could be observed between the matrix and the reinforcements. In order to identify the phases of synthesized reinforcements, EPMA elemental mapping was carried out as shown in Fig. 3 . The results of EPMA mapping show that the carbon element is detected at the spherical reinforcements, while the boron at the needle-like reinforcements. The XRD pattern of the synthesized TMCs, shown in Fig. 4 , proves that the synthesized reinforcements are the spherical TiC and needle-like TiB. These experimental results and analyses were verified through thermodynamic calculations. The calculations were carried out by utilizing the joint of armynavy-air force (JANAF) thermochemical tables. 10) If B 4 C is added into molten titanium at 2000 K, three reactions are possible, which can be described as follows: 
Results and Discussion

In-situ synthesis of TMCs
The combination of eqs. (1), (2) and (3) can be obtained as follows:
The combination of eqs. (1), (3) and (5) can lead to eq. (6).
These thermodynamic calculations show that (TiC + TiB) synthesis reaction is more favorable than (TiC + TiB 2 ) synthesis reaction, and the dissolution of the synthesized TiB 2 reinforcement to TiB occurs spontaneously.
The combination of eqs. (2), (5) and (7) can be obtained as follows:
Therefore, the experimental results and thermodynamic calculations confirm that spherical TiC and needle-like TiB reinforced hybrid TMCs can be obtained from Ti and B 4 C by a casting route.
Net-shape forming of TMCs
Prerequisite solutions should be used to make TMCs investment casting practicable. The most serious problem in the investment casting of TMCs is known to be 'alpha-case'. The alpha-case is developed by the interstitials such as carbon, nitrogen and especially oxygen dissolved from mold materials. In order to avoid this problem, the expensive ceramics, such as CaO, ZrO 2 and Y 2 O 3 have been adopted for mold materials because their standard free energy changes of the formation of oxides are more negative than TiO 2 . Nevertheless, the alpha-case still remains to be eliminated from chemical milling processes. In our previous studies, Sung et al. showed that not only interstitial oxygen atoms but also substitutional metal atoms dissolved from mold materials can cause the alpha-case. 8, 9) In this study, therefore, the SKK mold was designed in consideration of the interstitial and substitutional alpha-case formation mechanism. The SKK mold contained the interstitial reaction products, TiO 2 and the substitutional reaction products, TiAl and Ti 3 Al, on Al 2 O 3 base. Figure 5(a) indicates that in the case of Al 2 O 3 mold, the externals of TMCs investment castings lost their luster as the result of the alpha-case formation reactions. In the case of Al 2 O 3 -based SKK mold, though, the characteristic luster of metals was preserved as shown Fig. 5(b) . Moreover, Fig. 6 shows the clear interface microstructure of the TMCs poured into the Al 2 O 3 -based SKK mold. These results came from the interstitial and substitutional melts-mold reaction products comprised in the SKK mold. Figure 7 shows the result of X-ray scope scanning of the soundness of TMCs castings. Owing to the applied centrifugal force and pressurization of Ar gas, the castings exhibited no internal defects such as porosity, void or shrinkage.
The results of the in-situ synthesis and the investment casting of TMCs altogether confirm that the casting route in our study can be an effective approach for the economic netshape forming of TMCs.
Conclusions
The conclusions are summarized as follows: (1) Clear and sound in-situ (TiC + TiB) hybrid TMCs were synthesized from Ti and B 4 C by a casting route. (2) The experimental results and thermodynamic calculations showed that TiB formation was more favored than that of TiB 2 in the in-situ synthesis from Ti and B 4 C. (3) No melts-mold reaction occurred between (TiC + TiB) hybrid TMCs and the SKK mold since the mold contained the interstitial reaction product, TiO 2 and the substitutional reaction products, TiAl and Ti 3 Al, on Al 2 O 3 base. (4) The casting route in our study can be proposed as an effective approach for the economic net-shape forming of TMCs.
